In the present study, the effect of Y addition on the glass forming ability and magnetic properties of [Fe 0.75 B 0.20 Si 0.05 ] 100-x Y x (x = 0, 1, 2, 3, 4) amorphous ribbons were investigated. The ribbons of 2 mm in width and 30 µm in thickness were obtained using the melt spinning technique. All ribbons were identified as fully amorphous by using X-ray diffraction. The thermal properties, including glass transition temperature, crystallization temperature, and supercooled liquid region, were measured by differential scanning calorimetry and thermomechanical analysis. The results showed that, with an increase of the Y content, the supercooled liquid region broadened, indicating an improvement of glass forming ability. The magnetic properties of the amorphous ribbons were measured by a vibrating sample magnetometer. In addition, it was confirmed that, with an increase of the Y content, coercivity tended to decrease.
Introduction
Soft magnetic materials play an increasingly important role in industry for instance, in the production of distribution transformers, sensors, electromagnetic shielding applications, actuators, as well as data storage devices [1] [2] [3] [4] . For several decades, numerous studies on amorphous alloys as soft magnetic materials have been actively carried out [5] [6] [7] . In particular, due to the excellent soft magnetic properties, such as high saturation magnetization (M s ) and low coercivity (H c ) [8] [9] [10] [11] [12] , Fe-based amorphous alloys have attracted much attention in a variety of emerging science fields and engineering. Among the Fe-based amorphous alloys developed over decades, the Fe-Si-B amorphous alloys have been widely used due to their excellent soft magnetic properties [13] . However, Fe-based amorphous alloys have dimensional limitations due to the limited glass forming ability (GFA) of amorphous alloys [14, 15] . In order to improve the GFA in Fe-based amorphous alloys, Fe are usually replaced with various glass forming metallic elements, such as Cu, Nb, Zr, Mo, and Ta concentration [12, 16, 17] . According to the empirical rules [18] , a large difference of the atomic radius between Y and Fe leads to improvement the GFA, and also it causes an increase the atomic packing density of the amorphous structure, so the atomic diffusion more difficult [19, 20] . Y has a large atomic radius of 212 pm, which is much larger than that of Fe (156 pm), Si (111 pm), B (87 pm), Ta (200 pm), Cr (166 pm), Mo (190 pm), and Nb (198 pm). Therefore, Y is the best candidate for improving GFA. Moreover, the large negative heat of mixing value between Y and B (−35 kJ/mol), as compared to that between Fe and B (−11 kJ/mol), causes a change of the local atomic structure in the liquid phase [21] . These effects prompt the formation of the network of a short-range ordered atomic configuration which is necessary for the progress of crystallization, leading to the stabilization of supercooled liquid [22] .
In the present study, we aimed to investigate the effect of Y addition on GFA and magnetic properties of the [Fe 0.75 B 0.20 Si 0.05 ] 100-x Y x system. Furthermore, for comparison, we also conducted the experiment of the Y-free alloys (x = 0). Table 1 . With an increase in the Y content from 0 to 4 at.%, T x,DSC values increased from 818 to 910 K. The crystallization reaction shifted to higher temperature, as the phase change kinetics slowed down.
Experiments

Results and Discussion
Thereafter, since no glass transition phenomenon through the DSC experiment was observed for Fe-rich amorphous alloys [23] , the Fe-Si-B-Y amorphous alloys were investi- Thermal Properties (K) gated by TMA to measure the T g . The results of the TMA experiment are presented as a dimensional change versus temperature plot, which are shown in Fig. 3 . As can be seen in Fig. 3 , with an increase of the Y content, displacement length decreased, which is related to viscous flow. T x,TMA is determined as the point at which thermal expansion occurs according to crystallization on the plot [24] . In fact, a stronger thermal expansion already existed in the glass transition region (below T x,TMA ) [25] , but it was obscured by structure relaxation. T g values were determined from the intersection of two tangential lines in the plot. However, the structural relaxation made it difficult to find out T g which is a point of a rapid change on the plot, so the T g could not be determined in this plot. Therefore, the calculation of the viscous flow was conducted to identify value of T g using the TMA experiment. Figure 4 (a) and (b) show the typical viscosity measurement using the Stefan equation (see Eq. (1)): (1) where F is the applied load, a is the radius of the plates, and h is the height of the sample [26] . In the supercooled liquid region (ΔT x = T x,TMA − T g ), the viscosity is decreased; therefore, the T g was determined the onset point of the rapid decrease of viscosity. In general, T x,TMA is considered as the temperature with the lowest viscosity (T vs ) in the viscosity curves, because the viscosity decreased with an increase of the temperature until the onset of crystallization [27] [28] [29] . The values of T g , T x,TMA , and T vs are marked with the arrows in Fig. 4(b) . However, T vs of alloys with x = 0, 1, 2 almost corresponds to T x,DSC and T x,TMA , while the alloys with x = 3 and x = 4 do not correspond to those values. The measured viscosity η = 2Fh increased in the range from 2.6 × 10 7 to 4.9 × 10 7 poise, suggesting that atomic diffusion more difficult. As a result, the kinetics behavior slowed down; therefore, it would take longer time to reach the metastable equilibrium state. In summary, T vs of Fe 72.75 B 19.4 Si 4.85 Y 3 (x = 3) and Fe 72 B 19.2 Si 4.8 Y 4 (x = 4) alloys did not correspond to T x,DSC and T x,TMA due to slow kinetic behavior in the crystallization region. Therefore, T x,TMA was not determined as the T vs in the viscosity curves. The thermal properties are summarized in Table 1 . As can be seen in 0, 1, 2, 3, 4) . It was caused by the oxygen scavenging effect through the formation of yttrium oxide during arcmelting and melt-spinning processes [30, 31] .
The magnetization curves of the [Fe 0.75 B 0.20 Si 0.05 ] 100-x Y x (x = 0, 1, 2, 3, 4) amorphous ribbons are shown in Fig.  5(a) . All specimens exhibited soft magnetic properties with a high M s of 150-122.8 emu/g and low H c of 0.14-0.08 Oe. With an increase of the Y content, the values of M s decreased due to the reduction of the content of Fe [29, 32] . The values of H c decreased an increase of the Y content as well. Fig. 5(b) shows the variations of M s and H c with an increase of the Y content, and the magnetic properties are reported in Table 2 .
Conclusion
In this study, we investigated whether a small amount of Y addition would have a significant effect on the thermal and soft magnetic properties for [Fe 0.75 B 0.20 Si 0.05 ] 100-x Y x (x = 0, 1, 2, 3, 4) amorphous alloy systems. All ribbons were identified as fully amorphous in the XRD patterns. The DSC and TMA curves provide the GFA and viscous flow. The widest ΔT x was obtained at the highest Y content of 4 at.%. Therefore, it can be concluded that the improvement of GFA was brought by the addition of Y with the larger radius difference with Fe. In addition, the measured viscosity increased with an increase of the Y content, this results support the statement that the atomic diffusion is more difficult due to an increase of the Y content. In terms of magnetic properties, through the M-H curves, it is confirmed that the values of M s and H c decreased with an increase of the Y content.
In conclusion, we studied with varying Y content to investigate the Y effects based on the empirical rules. As a result, it is noted that the addition of Y is effective in improvement of GFA and reduction of H c . Therefore, in the future, a good combination of high GFA for the present alloys can lead to the production of a new softmagnetic material characterized by high thermal stability. 
